Quantum Turbulence, the chaotic configuration of tangled quantized vortex lines, can be analyzed from the matter wave perspective in instead of the traditional fluid perspective. We report the observation of a remarkable similarity in between the dynamics of a freely expanding turbulent Bose-Einstein condensate and the propagation of an optical speckle pattern. Both follow very similar basic propagation characteristics. The second-order correlation is calculated and the typical correlation length of the two phenomena is used to substantiate the observations. The analogy between an expanding turbulent atomic condensate and a traveling optical speckle creates exciting prospects to investigate disordered quantum matter including the possibilities of a 3D speckle matter field.
The optical speckle phenomena, generated by the interference of distinct wavefronts originating from the reflection (by a rough surface) or transmission (in a diffuse medium) of a coherent light source [1] , created the possibility to study statistical properties of optical waves [2] [3] [4] and, in light physics, is applied for metrology [5, 6] , tomography [7] and imaging techniques [8] . In condensed matter physics, laser speckle opened up the opportunity to investigate disorder phenomena in matter-waves [9, 10] .
Since the advent of coherent matter wave sources, as a Bose-Einstein condensate (BEC) or an atom laser, atom optics become an important research field. The freepropagation of coherent atomic waves has been the object of various theoretical [11] [12] [13] and experimental studies [14] [15] [16] [17] . The realization of Quantum Turbulence (QT) in atomic superfuids [18] creates the opportunity to investigate the behavior of a free-expanding speckle matter wave and its statistical properties. In a recent experiment, an atomic speckle was produced using multimode guided atomic beam [19] and was studied by measuring the temporal second-order correlation function g (2) (τ ). Here, the spatial second-order correlation function g (2) (∆r) is measured for the free-expanding atomic speckle. Furthermore, we report on similarities in the spatial fluctuations and the underlying physics of a propagating speckle beam and a disordered matter wave.
In this letter, we make a connection between a turbulent atomic superfluid cloud in expansion with the propagation of a speckle light field. The comparison allow to create new exciting perspectives to investigate the behavior of matter waves in strong perturbed or disordered medium, as well as the possibility for generation of a real three-dimensional speckle field, in this case using matter waves. Propagation of light as well as matter waves and its characteristics are long a topic of intense investigation. Similarities and differences between those fields are essential to understand a whole class of wave effects. In particular, second order statistical correlations provide relevant insight in phenomena involving random disorder.
Our experimental apparatus consists in a BEC of 87 Rb atoms confined in a magnetic QUIC (quadrupole-Ioffe configuration) trap. The trap potential is characterized by an axial frequency ω x = 2π × 21Hz and a radial frequency ω r = 2π × 188Hz. The BEC sample contains 1.4 × 10 5 atoms with a small thermal fraction (T = 170 nK ≈ 0.47T C ). To perturb the BEC, a temporal oscillatory magnetic field is superimposed on the static QUIC trapping field. This extra field is produced by a fixed pair of anti-Helmholtz coils whose center is displaced (≈ 8 mm) from the QUIC trap minimum and its axis is tilted in a small angle (≈ 5
• ) from the trap major axis [18, 20] The oscillatory field is turned on during 31.7 ms (6 full cycles of excitation) at a frequency of 189 Hz. After the excitation stage, we let the perturbed atomic cloud evolve in-trap during 35 ms. Then, the condensate is released from the trap, expanding freely in time-of-flight (TOF) and a standard absorption image is performed to obtain the atomic cloud picture. For excitation amplitude higher than 350 mG/cm a quantum turbulence state was observed in the BEC [21] .
The characterization of the generated atomic QT has been analyzed in a few previously publications [22, and references therein] . Briefly, the quantum gas emerges from this excitation either with the presence of scissors mode or with the nucleation of vortices, resulting from the interaction of the BEC with the thermal gas [20] , and their further number proliferation along several directions [23] . After a critical number of formed vortices, the system evolves to a tangle configuration characterizing the emergence of turbulence [18] . Further excitation arXiv:1606.01589v1 [cond-mat.quant-gas] 6 Jun 2016 of the turbulent cloud with the external field results in a granulation state which corresponds to grains of condensate surrounded by non-condensed atoms [23] .
If we consider the cloud in expansion, for a traditional Bose condensate gas a clear signature of the quantum degeneracy is the asymmetric time-of-flight (TOF) expansion after the cloud is released from an anisotropic trap. The aspect ratio inversion, characterized by the inversion of the dimensional aspect ratio over time-offlight, is an evidence of the quantum nature. This is very distinct from a thermal cloud in TOF, that starts from an anisotropic cloud and always evolving to an isotropic one (i.e. the aspect ratio goes to unity). A remarkable behavior observed in a turbulent quantum gas is that aspect ratio is close to constant during the free expansion. In fact, our measurements have shown a presence of an almost self-similar expansion [18, 24] .
A typical result for the free expansion of the turbulent and non-turbulent clouds are shown in Fig. 1 , where the cloud dimensions are plotted as a function of the timeof-flight. For a standard BEC expansion, Fig. 1(a) , the aspect ratio inversion occurs at the crossing point, around the time-of-flight 8.5 ms in this case. On the other hand, the turbulent cloud expands without any intersection point during the considered TOF interval, Fig. 1(b) . The turbulent cloud indicates an almost self-similar type expansion with an aspect ratio nearly constant. The vortex angular momentum reduces the cloud radius expansion rates and the almost self-similar expansion of a turbulent cloud has been explored as an evidence of turbulence in BEC [24] . Figures 1(c) and 1(d) show a sequence for the expansion of the regular BEC and turbulent cloud, respectively, for different TOF values. From Fig. 1(d) it is observed that topological defects, typical of a turbulent cloud, only appears in the 2D absorption image for sufficiently dilute samples. This condition imposes a lower limit on the TOF which may be used to probe experimentally this fine-grained structure.
An alternative way to look into the turbulent BEC expansion is considering the wave nature of the quantum gas during its propagation. In turbulent condensate, the spatial association of tangled vortices results in a large density and phase fluctuations. The predominance of vortices characterize the superfluid turbulence, while just large density fluctuations determines the called wave turbulence [23, 25] . We normally define the overall scenario as quantum turbulence in which energy flows across different scales, through local sequences of transfer defining an energy cascade [21] . In any case, the randomness and large deviation from equilibrium make the turbulent cloud a macroscopic combination of amplitudes and phases randomly distributed through the sample.
Such a picture of turbulent cloud strongly reminds us of a speckle light field. Indeed, a speckle field arises from a sum of complex statistically independent amplitudes bearing a random magnitude and phase [1] . The de- tails about the optical speckle beam simulation are described in Supplemental Material [26] . In what follows, the atomic density plays a role analogous to the optical intensity. In Fig. 2 , we present the atomic density absorption profile of an expanding turbulent cloud together with the cross section intensity profile of a propagating speckle field. The similarities between the distribution of the spatial amplitudes is clearly visible.
Since the speckle field and the turbulent cloud satisfy similar propagation equations, we analyzed their features in an unified approach. In terms of light propagation, let us first consider a coherent Gaussian laser beam propagating in space and that it has an elliptical cross section with waist w 0x and w 0y at the focal point. The divergence angle of the beam along the x or y transversal directions, as it propagates from the focus, is given by tan θ x,y = λ/w 0x,y , where λ is the wavelength. A smaller waist at the focus will lead to a larger divergence, with a larger angle. Therefore, a coherent laser beam presents an inversion of its aspect ratio during the propagation, this is equivalent to the aspect ratio inversion of coherent matter waves in a BEC.
If we now consider the same elliptical beam, but with a speckle pattern on it, the divergence is quite different. The divergence angle for each direction is given by tan θ i = λ/ i , where i is the correlation length of the speckle in the i-direction. For an isotropic speckle field the correlation length is equal in both directions, thus the beam divergence is the same for both directions. Therefore, the propagation takes place without inverting the aspect ratio, which tends to unity at very large distances (far-field). In Figure 3 are presented a numerical simulation of the beam waists for a coherent Gaussian beam and a speckle beam, as a function of the propagation distance. The coherent and incoherent optical beams, of identical initial elliptical cross-section, follow distinct evolution due to the presence of disorder in the latter. For the coherent beam, Fig. 3(a) , inversion occur after a given propagation distance away from the focus. In contrast, for the speckle field, Fig. 3(b) , the beam propagates in an almost self-similar shape, and the cross-section along each dimension increases faster when compared with the coherent beam case. That occurs when i < w i , i.e. for a beam with many speckle grains, having a divergence angle larger for the case of speckle. Figures 3(c) and  3(d) show a sequence for the propagation of the coherent Gaussian and speckle beams, respectively. Those properties allow a comparison between Fig. 1 and 3 showing the equivalence between the propagating speckle light field and the expansion of the corresponding matter wave originated from a turbulent cloud.
Such consistent behavior and microscopic descriptions, allow us to establish an analogy between the speckle field and the expanding turbulent quantum gas. With the data presented in Fig. 1 , we can calculate the expansion velocities in both cases resulting inṘ y = 3.9(1) µm/ms, R x = 0.47(1) µm/ms for the regular BEC andṘ y = 5.3(2) µm/ms,Ṙ x = 1.5(1) µm/ms for the turbulent cloud, which also provides that i < w i in the matter wave propagation.
Stating that intensity and density are equivalent quantities, we can evaluate the density-density correlation function for the expanded matter wave and compare it with the equivalent in speckle field. For 30 ms of time-offlight, the correlation function g (2) (∆r) = n(r) n(r + ∆r) n(r) n(r + ∆r)
for a regular BEC and a turbulent cloud is presented in Fig. 4(a) . The correlation for a regular BEC is basically constant and close to unity. At short distances, g (2) (∆r) is a slightly larger than unity due to the small thermal fluctuations originated from the thermal atoms component of the sample. The turbulent cloud clearly shows a larger g (2) (∆r) for shorter distances and a typical exponential decay, which is a result of a much shorter correlation length ( T urb = 8.5(2) µm) than the sizes of the cloud (R x = 63(3) µm and R y = 198(6) µm) and indicates the presence of fluctuations at smaller scales. The exactly same behavior happens for the propagating speckle light field, as presented in Fig. 4(b) .
An important point concerning about our measurements is that they are obtained from the cloud absorption image. This corresponds to a projection of the cloud atomic density distribution onto a two dimensional plane. Despite the fact that this procedure reduces the amplitude of the detected fluctuations (as shown in Fig. 2 ), the correlation length measured after projection is the same as in three dimensions. We support this claim by simulating a 2D optical speckle beam and its projection in one dimension, which are used to investigate the effect on to the correlation length measured from g (2) (∆r) function. We observe that although the amplitude of the correlation function is reduced, the length scale of the fluctuation extracted form the correlation function remains unaffected [26] . The introduction of disorder in matter waves, which can be done through the emergence of turbulence in an atomic cloud, opens up a large new window of research opportunities to better understand the nature of the disorder in the quantum world. Also, it may provide some insights concerning the intrinsic behavior of quantum turbulence. The different slopes seen in Fig. 1(b) could be used to study the anisotropy of turbulence in atomic superfluid.
In conclusion, we have demonstrated the equivalence between a turbulent atomic superfluid in expansion with a speckle light field propagation. This finding can allow further mapping of both phenomena on each other as well as starting a new exciting field of statistics matter waves. This correspondence sheds an interesting light on the essence of quantum turbulence. The measurement of second-order correlation function can be a alternative method to obtain the first-order correlation function using the well established Siegert relation [27] . Speckle like behavior in turbulent quantum fluids consists of a three dimensional speckle field and may be an excellent candidate to explore important aspect of structures and the tomography of speckle fields in three dimensions. Another possible investigation is the introduction of non-linear effects (caused by atomic interactions) and its influence on the spatial fluctuations and in the overall propagation.
